Linker histone H1 is involved in the regulation of gene activity through the maintenance of higher-order chromatin structure. Previously, we have shown that template activating factor-I (TAF-I or protein SET) is involved in linker histone H1 dynamics as a histone H1 chaperone. In human and murine cells, two TAF-I subtypes exist, namely TAF-Ia and TAF-Ib. TAF-I has a highly acidic amino acid cluster in its C-terminal region and forms homo-or heterodimers through its dimerization domain. Both dimer formation and the C-terminal region of TAF-I are essential for the histone chaperone activity. TAF-Ia exhibits less histone chaperone activity compared with TAF-Ib even though TAF-Ia and b differ only in their N-terminal regions. However, it is unclear how subtype-specific TAF-I activities are regulated. Here, we have shown that the N-terminal region of TAF-Ia autoinhibits its histone chaperone activity via intramolecular interaction with its C-terminal region. When the interaction between the Nand C-terminal regions of TAF-Ia is disrupted, TAF-Ia shows a histone chaperone activity similar to that of TAF-Ib. Taken together, these results provide mechanistic insights into the concept that fine tuning of TAF-I histone H1 chaperone activity relies on the subtype compositions of the TAF-I dimer.
Introduction
Cellular chromatin generally consists of genomic DNA, four kinds of core histone proteins (H2A, H2B, H3 and H4) and linker histone H1. Tight regulation of the chromatin structure is important for nuclear functions (such as transcription and replication), and therefore, a variety of chromatin regulatory factors such as ATP-dependent chromatin remodeling factors, histone modification enzymes and histone chaperones are involved in chromatin dynamics. Histone chaperones serve to bind specific histone species to facilitate their deposition to and/or eviction from the genomic DNA. In addition, they are also important to prevent nonspecific DNA and histone interactions for maintenance of genomic integrity.
Linker histone H1 is a target of various histone chaperones that also regulate core histone species, and many kinds have been identified so far. Because of this intimate link with multiple regulatory elements, histone H1 is involved in a variety of biological phenomena through the regulation of gene activity. In mouse and human somatic cells, seven histone H1 variants are expressed in a cell type-specific manner (Happel & Doenecke 2009 ). It was reported that transcription of several genes is regulated in a histone H1 variant-specific manner (Lee et al. 2004; Sancho et al. 2008 ) even though it is unknown how histone H1 variants are deposited onto specific gene loci. Classically, it was thought that histone H1 is simply involved in transcriptional repression through the formation of a condensed chromatin structure and eviction of histone H1 from promoter regions was required for transcriptional activation of several genes stimulated by extracellular ligands such as steroid hormones and interferons (Bresnick et al. 1992; Kadota & Nagata 2014) . However, some reports have shown that the deposition of histone H1 on gene loci is involved in both repression and activation of transcription in a gene-specific manner, such as in the facilitation of transcription from Hox genes (Zhang et al. 2012) . These reports suggest that histone H1 has more diverse molecular functions in transcriptional regulation than as a simple building block on chromatin. In addition, the kinetics of histone H1 dissociation from and association with chromatin DNA are also important for the regulation of gene activity (Jullien et al. 2010) . To fully understand such a complex mechanism of histone H1-mediated chromatin dynamics, functional analyses of histone H1 regulatory factors, such as histone chaperones, are critical.
One such protein, template activating factor-I (TAF-I), was originally identified as a stimulatory factor for replication in a complex of adenoviral genomic DNA and viral core proteins (Ad core) (Matsumoto et al. 1993) . TAF-I remodels the Ad core structure via interaction with viral core protein VII, and we have also previously shown that TAF-I has a core histone chaperone activity (Kawase et al. 1996; Haruki et al. 2003) . Additionally, we have reported that TAF-I functions as a histone chaperone by regulating the chromatin-binding activity of linker histone H1 in vitro and in vivo . TAF-I has a dual nature and can either promote chromatosome formation by deposition of histone H1 on nucleosome core particle (NCP) or cause chromatosome disassembly by eviction of histone H1 from NCP in vitro (Okuwaki et al. 2016) . Additionally, TAF-I can dissociate histone H1 from nonspecific H1-DNA aggregates . It has been suggested that TAF-I can regulate functional histone H1 supplies by preventing nonspecific interactions between DNA and histone H1 which serves to enhance chromatosome formation efficiency when limited amounts of histone H1 coexist in free DNA and nucleosomes . This is a key issue, as chaperone-based regulation of histone H1 and DNA interactions is thought to be of critical importance in maintenance of physiological function of histone H1; therefore, other histone H1 chaperones (outside of TAF-I) have been explored to elucidate this mechanism (Karetsou et al. 1998; Alekseev et al. 2003) . Furthermore, there is a possibility that chaperones are also important for regulation of the nuclear dynamics of histone H1. It has been suggested that the nuclear histone H1 pool is divided into three groups based on exchange kinetics with chromatin: a weakly chromatin-bound fraction (fast kinetic fraction), a strongly chromatin-bound fraction (slow kinetic fraction) and a stably chromatin-bound fraction (Phair et al. 2004; Raghuram et al. 2009) . It is tempting, in light of this evidence, to suggest that fast and slow fractions represent nonspecific and specific binding (respectively) of histone H1 to DNA (chromatin) (Phair et al. 2004) . Our previous FRAP studies suggested that TAF-I preferentially regulates H1 dynamics in a weakly chromatin-bound fraction . Therefore, it is quite likely that TAF-I promotes the mobility of histone H1 by inhibiting its nonspecific interactions with DNA to maintain genome integrity and gene activity in vivo.
We found that TAF-I is involved in regulation of the amount of histone H1 on interferon-stimulated gene (ISG) promoters to maintain a transcriptionally silent state (Kadota & Nagata 2014 ). However, interestingly, TAF-I enhances transcription by eviction of histone H1 from a model promoter (Zhang et al. 2015) . These reports suggest that TAF-I is involved in both deposition and eviction of histone H1 in a gene-specific manner. TAF-I consists of two subtypes, named TAF-Ia and TAF-Ib that are encoded by the same gene locus, but regulated by distinct promoters (Nagata et al. 1995; Asaka et al. 2008; Pippa et al. 2016) . The expression level of TAF-I subtypes differs among cell types, and TAF-I forms homo-or heterodimers between TAF-Ia and TAF-Ib . Both dimer formation through the dimerization domain and the C-terminal long acidic tail of TAF-I are essential for its histone chaperone activity . TAF-Ia and TAF-Ib themselves only differ in their N-terminal regions; however, the chromatin remodeling and histone chaperone activities of the TAF-Ia homodimer are lower than those of the TAF-Ib homodimer (Nagata et al. 1995; Kawase et al. 1996; Matsumoto et al. 1999a; Kato et al. 2011) . From these observations, we speculated that the different expression pattern of TAF-I subtypes is important for establishing a cell type-specific transcriptome through fine tuning of the histone chaperone activity. However, it is unclear how the N-terminal regions specific for TAF-Ia and TAF-Ib contribute to the functional differences between TAF-Ia and TAF-Ib. In this study, we found a novel TAF-I regulatory mechanism consisting of subtype-dependent intramolecular interaction wherein the N-terminal region of TAF-Ia (but not that of TAF-Ib) binds to the C-terminal region and inhibits the histone chaperone activity. This interaction is dependent on basic amino acids located within the N-terminal region of TAF-Ia. We observed that replacing basic amino acids within the N-terminal region of TAF-Ia with alanines disrupted the intramolecular interactions between the N-and C-terminal regions and imparted histone H1 chaperone activity similar to that of TAF-Ib. Our finding provides insight into the idea that various histone H1-mediated gene expression might be regulated by cell type-specific dimer composition of TAF-I.
Results
TAF-Ia shows a lower histone H1 chaperone activity than that of TAF-Ib depending on its Nterminal region Previously, we reported that the histone H1 chaperone activity of TAF-Ia is lower than that of TAF-Ib, especially in terms of histone H1 dissociation activity from nonspecific aggregates formed by DNA and histone H1 . The histone H1 dissociation activity from DNA is an important function of chaperones. To clarify the functional difference between TAF-Ia and TAF-Ib with regard to this ability, we used an in vitro histone H1 dissociation assay.
We first performed the histone H1 dissociation assay using purified His-tagged TAF-Ia, TAF-Ib and histone H1.1 to examine the contribution of Nterminal-specific regions to chaperone activity ( Fig. 1A and B) . Under this experimental condition, both TAF-Ia and b alone could not bind to naked DNA (Fig. 1C , compare lane 1 and lanes 2-5), suggesting that TAF-I is specific to histone H1, but not DNA alone. When His-H1.1 was added to naked DNA, high molecular weight aggregates that cannot enter native polyacrylamide gel were formed by nonspecific interactions (Fig. 1D , compare lane 1 and lane 2). However, when DNA premixed with His-H1.1 was incubated with His-TAF-Ib, aggregates were resolved and naked DNA could be seen again in a TAF-Ib dose-dependent manner (Fig. 1D , compare lane 2 and lanes 3-4). In contrast, the activity of TAF-Ia for the resolution of H1-DNA aggregates was significantly lower than that of TAFIb (Fig. 1D , compare lanes 3-4 and lanes 7-8). To examine whether the N-terminal region of TAF-Ia has an inhibitory effect on its histone H1 chaperone activity, we prepared a TAF-IDN1 mutant lacking the N-terminal region of TAF-I (Fig. 1A and B ) . TAF-IDN1 showed similar activity with TAF-Ib wild type (WT) (Fig. 1D , compare lanes 3-4 and lanes 5-6). These results suggest that the histone H1 chaperone activity of TAFIa is inhibited by its N-terminal region. To determine which amino acid sequences within the TAFIa N-terminal region are responsible for its inhibitory effect on the histone H1 chaperone activity, we constructed a series of N-terminus deletion mutants named TAF-Ia6, a18, a24 and a32 (Fig. 1A and  B) . The histone H1 chaperone activity of TAF-Ia6 was slightly higher than that of TAF-IaWT (Fig. 1D , compare lanes 7-8 and lanes 9-10). TAFIa18, a24 and a32 showed similar activity to TAFIb (Fig. 1D, compare lanes 3-4 and lanes 11-16) , suggesting that the primary sequence located between amino acid positions 1 and 18 of TAF-Ia is responsible for the inhibitory effect on its histone H1 chaperone activity.
Inhibition of the histone H1 chaperone activity of TAF-Ia depends on basic amino acids in its Nterminal region
The N-terminal region of TAF-Ia has a basic isoelectric point (pI = 10.66) in contrast to TAF-Ib, the Nterminal region of which is acidic (pI = 5.46). To further narrow down the amino acids in the N-terminal region of TAF-Ia responsible for the inhibitory effect on its histone H1 chaperone activity, we focused on this N-terminal basic isoelectric point of TAF-I. The C-terminal region of TAF-I, which is highly rich in acidic amino acids, is essential for its histone H1 chaperone activity . Furthermore, the primary sequence located between amino acid positions 1 and 18 of TAF-Ia, which is responsible for an inhibitory effect on its histone H1 chaperone activity, is relatively rich in basic amino acids compared with that of other regions (Figs. 1A and 2A) . For these reasons, we expected that electrostatic binding of the N-terminal region of TAF-Ia to the C-terminal region would inhibit its function. To examine this hypothesis, we constructed TAF-Ia mutants whose lysines (K) and arginines (R) located between amino acid positions 1 and 18 are replaced with alanines (A) and then examined their histone H1 chaperone activities. rTAF-IaKR2sA has two substituted alanines at K4 and R5; rTAF-IaKR4sA has four substituted alanines at K13, K14, K15 and R17; and rTAF-IaKR6sA has six substituted alanines at all indicated basic amino acids ( Fig. 2A and B) . The histone H1 chaperone activity of rTAFIaKR2sA was slightly higher than that of rTAF-Ia WT (Fig. 2C , compare lanes 7-8 and lanes 9-10). Furthermore, the histone H1 chaperone activity of rTAF-IaKR4sA was higher than that of rTAFIaKR2sA, and the activity of rTAF-IaKR6sA was comparable with that of rTAF-Ib and rTAF-IDN1 (Fig. 2C ). These results suggest that basic amino acids located within the N-terminal region of TAF-Ia are involved in an autoinhibition of its histone H1 chaperone activity.
The TAF-Ia N-terminal region interacts with its own C-terminal region Our results suggest that the N-terminal region of TAF-Ia inhibits its histone H1 chaperone activity based on basic amino acid content. From this result, we suggested that the positively charged N-terminal region of TAF-Ia (but not TAF-Ib) electrostatically interacts with the negatively charged C-terminal region and inhibits its histone H1 chaperone activity. To examine this hypothesis, we first tested the binding activity of the TAF-Ia N-terminal region to TAF-I common regions, including the dimerization domain and C-terminal region. We constructed GST-TAF-Ib-N-ter, TAF-Ia-N-ter and TAFIaKR6sA-N-ter mutants by fusing GST tags to the N-terminal regions of TAF-Ib, TAF-Ia and TAFIaKR6sA, respectively (Fig. 3A) . Each GST-TAF-I-N-ter mutant was incubated with His-TAF-IDN1 and subjected to native-PAGE analyses to detect the formation of protein complexes (Fig. 3B) . When GST-TAF-I-N-ter and His-TAF-IDN1 bind, electrophoretic mobility is retarded in nondenaturing polyacrylamide gel, and each protein shows the difference in position from control. His-TAF-IDN1 showed a retardation in mobility after incubation with GST-TAF-Ia-N-ter, but not with GST or GST-TAF-Ib-N-ter (Fig. 3B , lanes 5-11 and lanes 15-17), suggesting that the N-terminal region of TAF-Ia, but not TAF-Ib, can bind to its common region. However, His-TAF-IDN1 did not show any retardations in mobility after incubation with GST-TAF-IaKR6sA-N-ter (Fig. 3B, lanes 12-14) . These results suggest that the interaction between the Nterminal and the common regions of TAF-Ia is dependent on basic amino acids within its N-terminal region.
Next, we examined which region within the TAF-I common region is targeted by the N-terminal region of TAF-Ia. It is likely that a primary binding target of this basic region is the C-terminal region of TAF-I, which is enriched with acidic amino acids. To examine whether the C-terminal region of TAF-I is the binding target of TAF-Ia Nterminal region, we prepared a TAF-IDN1DC3 mutant, which lacks both its N-and C-terminal regions ( Figure S1A in Supporting Information). His-TAF-IDN1DC3 did not show a retardation in mobility after incubation with GST-TAF-Ia-N-ter ( Figure S1B in Supporting Information, compare lane 2 and lanes 3-5), suggesting that the C-terminal region of TAF-I is the primary binding target of the N-terminal region of TAF-Ia. Previously, we reported how TAF-I binds to an adenoviral core protein pre-VII by examination of the direct interaction between an arginine-rich region (RRR) peptide of pre-VII and an acidic amino acid-rich peptide which was derived from a part of the TAF-I C-terminal region (b224-244, lining up with a237-257) (Gyurcsik et al. 2006) . To prove a direct interaction between the N-terminal region of TAFIa and C-terminal region of TAF-I, we performed a chemical cross-linking assay using GST-TAF-I-N-ter and the same acidic TAF-I C-terminal region. A crosslinking reaction between carboxyl and amino groups was performed by using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC)/N-hydroxysulfosuccinimide (sulfo-NHS) zero-length cross-linker (Grabarek & Gergely 1990; Marintcheva et al. 2008) . The acidic peptide has only 20 amino acids, and thus, acidic peptide alone shows no bands on 10% SDS-polyacrylamide gel in both the presence and absence of cross-linker (Fig. 3D, lanes 1-4) . No mobility change was observed in GST-TAF-Ia-N-ter, when incubated in the presence and absence of cross-linker (Fig. 3D, lanes 5-8) , suggesting that the TAF-Ia N-terminal region itself does not form oligomer complexes. However, when GST-TAF-Ia N-ter was incubated with acidic peptide in the presence of cross-linker, a mobility change was observed dependent on the concentration of crosslinker (Fig. 3D, lanes 9-12) , suggesting that GST-TAF-Ia-N-ter binds to acidic peptide. However, GST-TAF-Ib, DN1, a, aKR2sA, aKR4sA and aKR6sA were purified from E. coli with glutathione-Sepharose resins. After purification, GST tag was digested with PreScission proteinase. Proteins (200 ng, respectively) were separated on 10% SDS-PAGE and visualized by CBB staining. (C) H1 dissociation assay using TAF-Isubstituted alanine mutants. Assay was performed as previously described in Fig. 1C .
Genes to Cells (2017) 22, 334-347 when GST-TAF-Ib-N-ter was incubated with acidic peptide, no mobility change was observed in both the presence and absence of crosslinker (Fig. 3D , compare lanes 13-16 and lanes [17] [18] [19] [20] . From these results, we concluded that the N-terminal region of TAF-Ia, but not TAF-Ib, can directly bind to the C-terminal region of TAF-I. (D) Chemical cross-linking assay using EDC/NHS zero-length cross-linker. GST-TAF-Ia-N-ter or GST-TAF-Ib-N-ter proteins (1.6 lM, respectively) were incubated with (lanes 9-12 and lanes 17-20) or without (lanes 5-8 and lanes 13-16) acidic peptide (168 lM) in the presence or absence of EDC/NHS cross-linker. The only acidic peptide was also loaded (lanes 1-4) . The crosslinking reaction was stopped by adding SDS dye. Samples were subjected to 10% SDS-PAGE and visualized by CBB staining.
The N-terminal region of TAF-I self-binds to its C-terminal region by intramolecular interaction Figure 3 indicates a possibility that the N-terminal region of TAF-Ia self-binds to its C-terminal region by intramolecular interaction. To test this hypothesis, we performed a FlAsH labeling assay to examine the intramolecular interaction between the N-and Cterminal regions of TAF-Ia. FlAsH-EDT 2 is a nonfluorescent, biarsenical dye that specifically binds to a tetra-cysteine motif (Cys-Cys-Xaa-Xaa-Cys-Cys) and sheds green fluorescence (Griffin et al. 1998) . We constructed Cys-Cys-tagged TAF-Ia mutants, in which Cys-Cys pairs were introduced into the Nand/or C-terminal regions, respectively ( Fig. 4A and  B) . In this system, the fluorescence intensity in the presence of FlAsH-EDT 2 correlates with the proximity of TAF-Ia N-and C-terminal regions to each other, with close association resulting in a relatively higher signal (Hisaoka et al. 2014) . We chose one site near the basic amino acid clusters (from K13 to R17) within the N-terminal region and four sites near the serial acidic amino acid clusters within the C-terminal region of TAF-Ia to introduce Cys-Cys pairs (Fig. 4A) . We constructed double insertion mutants by introducing Cys-Cys pairs into both the N-terminal region and a single site within the C-terminal region (Fig. 4B, lanes 6-9) . We also prepared single insertion mutants by introducing only one Cys-Cys pair into either the N-or C-terminal region to use as negative controls (Fig. 4B, lanes 1-5) . First, to make sure whether biochemical properties of CysCys-tagged TAF-Ia are comparable with WT control, we examined the dimer formation ability of Cys-Cys-tagged TAF-Ia mutants with a glutaraldehyde cross-linking assay . When TAF-I forms a dimer in the presence of glutaraldehyde, the mobility of TAF-I on SDS-PAGE is slowed based on the increase in molecular weight compared with the monomer. Previously, we reported that TAF-Ia forms a dimer, but TAF-Ib PME mutants with altered dimerization domains fail to dimerize ( Figure S2B in Supporting Information, Figure 4 The N-terminal region of TAF-Ia self-binds to its C-terminal region by intramolecular interaction. (A) Positions of Cys-Cys pair insertion within N-and C-terminal regions of TAF-Ia. Arrows indicate positions of Cys-Cys pair insertion. CysCys pairs were introduced to one site at N-terminal region and four sites at C-terminal region. Ncc alone or Ccc1, Ccc2, Ccc3 and Ccc4 alone were used as control. (B) Purified recombinant TAF-I mutant proteins. rTAF-Ia-Ncc, Ccc1, Ccc2, Ccc3, Ccc4, Ncc/Ccc1, Ncc/Ccc2, Ncc/Ccc3 and Ncc/Ccc4 (lanes 1-9, 400 ng, respectively) were separated on 10% SDS-PAGE and visualized by CBB staining. Ncc, Ccc1, Ccc2, Ccc3 or Ccc4 alone (lanes 1-5) and Ccc mutants combined with Ncc (lanes 6-9) were represented. (C) FlAsH labeling assay. Cys-Cys-tagged TAF-Ia mutants (81.5 nM, 244.5 nM, 733.5 nM and 2.2 lM, respectively) were incubated with 10 lM of FlAsH-EDT 2 at room temperature for 30 min. The fluorescence intensity was measured by a Varioskan microplate reader (Thermo Fisher). The fluorescence intensity of FlAsH was evaluated as the relative intensity where the measure of 81.5 nM rTAF-Ia-Ncc is set to be 1. Three independent experiments and statistical analyses were performed. Error bars show SD.
Genes to Cells (2017) 22, 334-347 compare lane 2 and lane 22) as previously reported . We found that all Cys-Cys-tagged TAF-Ia mutants share dimerization ability similar to that of TAF-Ia WT ( Figure S2B in Supporting Information, compare lanes 2 and 4, 6, 8, 10, 12, 14, 16, 18 and 20) . Next, we examined the histone H1 chaperone activity of Cys-Cys-tagged TAF-Ia mutants ( Figure S2C in Supporting Information). Some of these mutants showed slightly higher ( Figure S2C in Supporting Information, compare lane 4 and lanes 9, 12) or lower ( Figure S2C in Supporting Information, compare lane 4 and lane 13), but not significantly different, histone H1 chaperone activity compared with that of TAF-Ia WT (Figure S2C in Supporting Information, compare lane 4 and lanes 5-13). These results suggest that the biochemical properties of Cys-Cys-tagged TAF-Ia mutants are comparable with those of TAF-Ia WT. rTAF-Ia-Ccc1, 2, 3 and 4 single insertion mutants did not show an increase in fluorescence intensity in any concentrations tested (Fig. 4C) ; however, the fluorescence intensity of the rTAF-Ia-Ncc single insertion mutant was slightly higher than those of other rTAF-Ia-Ccc single insertion mutants. Furthermore, rTAF-Ia-Ncc/Ccc2, Ncc/Ccc3 and Ncc/Ccc4 mutants also showed a similar pattern to rTAF-IaNcc with slightly higher fluorescence intensities than those of the rTAF-Ia-Ccc single insertion mutant. These results suggest that two N-terminal regions of one TAF-Ia dimer interact with each other by unknown mechanisms. Because the N-terminal region of TAF-Ia is located near a dimerization domain where the hydrophilic surface is rich in acidic amino acids (Muto et al. 2007) , it is therefore possible that two N-terminal regions of one TAF-Ia dimer unexpectedly aligned on the dimerization domain and become to be close to each other. In contrast, the relative fluorescence intensity of the rTAF-IaNcc/Ccc1 mutant was significantly higher than that of rTAF-Ia-Ncc or rTAF-Ia-Ccc1. These results suggest that the N-terminal region of TAF-Ia preferentially binds to the region around glycine 245 within its own C-terminal region by intramolecular interaction. Previously, it was suggested that amino acid positions from 226 to 248 of TAF-Ib (lining up with amino acids 239 to 261 of TAF-Ia) are essential for the core histone chaperone activity of TAF-I (Kawase et al. 1996) . Furthermore, we have already shown that the N-terminal region of TAF-Ia directly binds to the acidic amino acid-enriched C-terminal peptide fragment derived from TAF-I (amino acids b224-244 lined up with a237-257) (Fig. 3D) . Taken together, these results suggest that the N-terminal region of TAF-Ia might preferentially self-bind to these regions to efficiently autoinhibit its own histone H1 chaperone activity.
The subtype composition of TAF-I determines the level of inhibition of TAF-I histone chaperone activity Based on the above results, we speculated that the N-terminal region of TAF-Ia regulates the histone H1 chaperone activity of the TAF-I dimer depending on its subtype composition. To examine this hypothesis, we established an artificial model assay to examine the inhibitory effect of the N-terminal region of TAF-Ia using TAF-IaDC3 and TAF-IbDC3 mutants. Both TAF-IaDC3 (1-238) and TAF-IbDC3 (1-225) mutants lack the C-terminal region, which is essential for histone H1 chaperone activity . Here, we compared the differences between TAFIb/aDC3 and TAF-Ib/bDC3 heterodimers in histone H1 chaperone activities. If TAF-Ib/aDC3 and TAFIb/bDC3 heterodimers show histone chaperone activity, it is expected that a TAF-IbWT monomer would only contribute to this activity. Any difference in the indicated activity will therefore show how the N-terminal region of TAF-IaDC3 or TAF-IbDC3 affects a partnered TAF-IbWT monomer. When TAF-IbWT heterodimerizes with a TAF-IbDC3 mutant, its histone H1 chaperone activity is expected to be lower than that of the homodimerized TAFIbWT because the TAF-Ib/bDC3 heterodimer contains a lower number of acidic tails (Fig. 5A) . Furthermore, when TAF-Ib heterodimerizes with TAF-IaDC3, its histone chaperone activity is expected to be lower than that of the heterodimerized TAF-Ib/bDC3 because the N-terminal region of TAF-IaDC3 binds and inhibits the C-terminal region of TAF-Ib (Fig. 5A) . To examine this working model, we prepared TAF-Ib/aDC3 and TAF-Ib/ bDC3 heterodimers using a protein denaturation and renaturation method (Nagata et al. 1995) . His-TAFIb was mixed with His-TAF-IaDC3 or His-TAFIbDC3 in the indicated molar ratios under denaturing conditions (Fig. 5B) . After renaturing the reaction mixtures, the composition of each TAF-I dimer in renatured samples was assessed by native-PAGE analyses (Fig. 5C ). The total ratio of TAF-Ib homodimers and TAF-Ib/aDC3 or TAF-Ib/bDC3 heterodimers showed no large changes (Fig. 5D , black and gray columns). Under these conditions, we performed the histone H1 dissociation assay using these renatured protein mixtures by standardizing the amount of TAF-Ib WT. As expected, both TAFIaDC3 and bDC3 alone showed no histone H1 dissociation activity (Fig. 5E , lane 3 and lane 9) because TAF-IDC3 mutants lack the essential C-terminal region for its activity. The histone H1 chaperone activity of TAF-Ib gradually decreased with the amount of TAF-IaDC3 and TAF-IbDC3 (Fig. 5E , compare lane 4 and lanes 5-8, lane 10 and lanes 11-14). However, the inhibitory effect of TAF-IaDC3 2-14) or without (lane 1) His-H1.1 (3.85 pmol) to form precomplexes at room temperature for 15 min. Subsequently, preformed complexes were incubated with (lanes 3-14) or without (lanes 1 and 2) TAF-I proteins. Samples were incubated with TAF-IaDC3 (lane 3, 11.1 pmol) or TAF-IbDC3 (lane 9, 11.1 pmol) or TAF-I containing the same amount of TAF-Ib protein (lanes 4-8 and lanes 10-14, 3.5 pmol of homodimer) and 1.4 pmol, 2.8 pmol, 5.6 pmol and 11.1 pmol of TAF-IaDC3 (lanes 5-8, respectively) or TAF-IbDC3 (lanes 11-14, respectively). Gel electrophoresis and visualization of DNA were performed as described previously in Fig. 1C .
Genes to Cells (2017) 22, 334-347 on histone H1 chaperone activity is higher than that of TAF-IbDC3 (Fig. 5E, compare lanes 5-8 and lanes  11-14) . These results suggest that the N-terminal region of TAF-Ia interacts with the acidic tail of its partnered TAF-Ib monomer and inhibits histone H1 chaperone activity as described in the working model (Fig. 5A) . Taken together, these results support our hypothesis that the histone H1 chaperone activity of TAF-I dimers is regulated by subtype-dependent intramolecular interaction.
Discussion
Here, we have shown a novel regulatory mechanism of the subtype-dependent histone H1 chaperone activity of TAF-I. TAF-Ia shows a lower histone H1 chaperone activity than TAF-Ib due to isoelectric differences in its N-terminal region (Fig. 1) . This is attributed to basic amino acids located within the TAF-Ia N-terminal region, which are required for both interaction between N-terminal and acidic Cterminal regions and the inhibitory effect on histone H1 chaperone activity (Figs. 2 and 3) . The N-terminal region of TAF-Ia directly self-binds to the Cterminal region by intramolecular interaction, and this regulates the subtype composition-dependent histone H1 chaperone activity of the TAF-I dimer (Figs. 4  and 5 ). Considering our findings, it is possible that cell type-specific expression patterns of TAF-Ia and TAF-Ib are involved in the regulation of histone H1-mediated chromatin dynamics in vivo.
In the case of TAF-Ib, it was previously reported that basic amino acids in the N-terminal region function as a nuclear localization signal (NLS) under a schema of phosphorylation-mediated regulation (Yu et al. 2013) . However, whether basic amino acids in the N-terminal region of TAF-Ia function as an NLS is still unknown. It was previously suggested that the crystal structure of TAF-IbDC3, which lacks an acidic C-terminal tail, shows an N-terminal region formed into an a-helical structure (Muto et al. 2007 ). However, it was speculated that 10 prolines located within the N-terminal region of TAF-Ia might break this a-helical structure (Park & Luger 2006) . Although these structural discoveries hint that the Nterminal regions of TAF-Ia and TAF-Ib have quite different functions, the molecular and biological functions of the TAF-I-N-terminal region were poorly understood. Basic amino acids within the front half of the TAF-Ia N-terminal region play a crucial role in autoinhibition of histone H1 chaperone activity (Figs. 1D and 2C ). Two lysines, K35 and K36, are located in the latter half of the TAF-Ia N-terminal region near the dimerization domain, which consists of a coiled-coil structure containing acidic amino acid clusters on its hydrophilic surface (Muto et al. 2007) . Therefore, it is probable that the latter half of the TAF-Ia N-terminal region was hard to come close to its C-terminal region due to nearby acidic clusters within dimerization domain. If so, it is reasonable to assume that basic amino acids within only the front half of the TAF-Ia N-terminal region contribute to the inhibition of the histone H1 chaperone activity. In general, it seems that the actions of histone chaperones are separated into two steps: First, the target histone is bound and second, the histone is either deposited on or evicted from DNA (chromatin). Previously, we reported that the histone H1 binding activity of TAF-Ia is quite similar to TAF-Ib and that the acidic C-terminal region of TAF-I is essential for dissociation of histone H1 from DNA, but not histone H1 binding per se . In this study, we extend the knowledge further by showing that the TAF-Ia N-terminal region binds to its Cterminal region depending on basic amino acids located within this N-terminal region ( Fig. 3B and  D) . Furthermore, a FlAsH labeling assay showed that the TAF-Ia N-terminal region was shown to preferentially self-bind around glycine 245 of TAF-Ia within its own C-terminal region by intramolecular forces (Fig. 4C) . From these results, it is suggested that the TAF-Ia N-terminal region directly autoinhibits its chaperone activity, but not histone binding activity, through interaction with its own C-terminal region.
In addition, the results in this study raise a possibility that the acidic C-terminal region, which contains 54 acidic amino acids in predicted disorder, is separated into functionally different subdomains. Previously, we reported that the nucleosome assembly activity of TAF-I is not simply dependent on the length of the C-terminal region (Kawase et al. 1996) , suggesting that potent subdomains within the front half of the C-terminal region are functionally essential for the core histone chaperone activity. Furthermore, we previously reported that TAF-I binds to core protein pre-VII through the interaction between an arginine-rich region (RRR) of pre-VII and the acidic C-terminal region of TAF-I to remodel Ad core (Gyurcsik et al. 2006) . A region between amino acid positions 224-244 of TAF-Ib (lined up with amino acid positions 237-257 of TAF-Ia) in the C-terminal region is sufficient for interaction between TAF-I and core protein pre-VII, even though Ad core remodeling activity is dependent on acidic tail length (Nagata et al. 1995) . These results also support the idea that the C-terminal region of TAF-I has functionally different subdomains. It is probable that the N-terminal region of TAF-Ia might bind to its functionally essential subdomain within the front half of the C-terminal region to efficiently autoinhibit histone H1 chaperone activity, but not histone H1 binding activity.
To elucidate the inhibitory function of the TAFIa N-terminal region in TAF-I dimers more precisely, we examined the histone H1 chaperone activity of TAF-I dimers consisting of TAF-Ib and TAF-IDC3 mutants. TAF-Ib/aDC3 heterodimers show a lower histone H1 chaperone activity than TAF-Ib/ bDC3 heterodimers (Fig. 5C ). These results suggest that the N-terminal region of one TAF-Ia monomer binds to the C-terminal region of the partnered TAF-I monomer and then inhibits its histone H1 chaperone activity as described in the working model (Fig. 5A) . Whether the N-terminal region of one TAF-Ia monomer self-binds to its own C-terminal region in one dimer remains unknown, as clarification of the mechanism has not been published up to this point. To resolve this issue, structural analyses such as cryoelectron microscopy will be required for direct observation of intermediate complexes including TAF-I, histone H1 and DNA or nucleosomes.
In this study, we have shown that a regulatory mechanism of TAF-I subtype-dependent histone H1 chaperone activity is controlled by intramolecular interaction. These results raise the possibility that the cell type-specific subtype composition of TAF-I might be involved in the regulation of respective transcriptomes through the alteration of histone H1 chaperone activity. Furthermore, there is another possibility that TAF-Ia and b specifically bind to histone H1 variants. Previously, we observed that binding preferences of histone H1 variants differ between TAF-Ia and b in vivo . TAF-Ib associates with histone H1.1 and H1.0, whereas TAF-Ia associates with histone H1.1 similar to TAFIb, but not with histone H1.0. The details of this variability in interactions are yet unknown; however, TAF-I is known to bind histone H1 through interaction with the histone H1 C-terminal tail domain (CTD) whose primary structures are relatively diverse compared with highly conserved globular domain of histone H1 . Therefore, there is a possibility that the self-binding of the TAF-Ia N-terminal region also contributes to the binding preferences of histone H1 variants. TAF-Ia, but not TAF-Ib, might have difficulty in recognizing the CTD of histone H1.0, but not histone H1.1. Combinations between histone H1 variants and TAF-I subtypes might account for differential gene expression patterns found in various cells.
Future experiments will address the flux in gene expression that is regulated by the alteration of TAF-I subtype expression during cell development, differentiation and transcriptional induction by extracellular stimuli such as hormones. During these biological events, the mediation of chromatin structure by histone H1 is itself regulated to ensure proper gene expression. Through these future studies, we hope to find both novel target genes and multiple biological events that are regulated by histone H1 and its chaperone TAF-I. In addition, because TAF-I is a multifunctional protein, there is the possibility that histone H1 chaperone activity-independent functions of TAF-I are also regulated in a similar subtype-specific manner. Interestingly, TAF-Ia/b heterodimers can facilitate transcription independently of chromatin remodeling in a similar way to TAF-Ib homodimers, even though TAF-Ia homodimer activity is lower (Gamble et al. 2005) . This points to an idea that these unexplored functions of TAF-I are also regulated in a similar subtype-specific manner by the different mechanisms shown in this report.
Experimental procedures

Plasmid constructions
To construct plasmids pET28a-TAF-Ia, a6, a18, a24, a36, aDC3, b, bDC3, DN1 and DN1DC3, the TAF-I cDNA fragments were amplified by polymerase chain reaction (PCR) using pET14b-TAF-Ia or pET-14b-TAF-Ib as template and the following primer sets, 5 0 -CTCGGATTCGATATCGC TAGCATGGCCCTTAAACGCCA-3 0 and 5 0 -GCGAATTC TTAGTCATCTTCTCCTTCATCC-3 0 for TAF-Ia, 5 0 -CT CGGATCCGATATCGCTAGCCAGTCTCCACTCCC-3 0 -CTCGGATCCGAT ATCGCTAGCGAAAAAGAACAGCAA-3 0 and 5 0 -GCGA ATTCTTACATATCGGGAAC-3 0 for TAF-IDN1DC3. The amplified cDNA fragments were digested with BamHI and EcoRI and subcloned into BamH1 and EcoRI-digested pET28a vector. To construct pGEX6p-1-TAF-a, b and DN1, TAFIa, b and DN1 cDNA fragments were cut out from pET28a-TAF-Ia, b and DN1 by digestion with BamHI and EcoRI, respectively, and then subcloned into BamHI and EcoRIdigested pGEX6p-1 vector. To construct TAF-IaKR2sA and aKR4sA, the cDNA fragments were generated by two-step PCR. In the first step, two DNA fragments were amplified by PCR using pGEX6p-1-TAF-Ia as a template and primer sets, 5 0 -GGGCTGGCAAGCCACGTTTGGTG-3 0 (pGEX 5 0 primer) and 5 0 -GAGTGGAGACTGGGCTGCAGGGGCCAT-3 0 for TAF-IaKR2sA fragment 1, 5 0 -ATGGCCCCTGCAG CCCAGTCTCCACTC-3 0 and 5 0 -CCGGGAGCTGCATG TGTCAGAGG-3 0 (pGEX 3 0 primer) for TAF-IaKR2sA fragment 2, pGEX 5 0 primer and 5 0 -AGGAGGTGGTGCT GGTGCCGCCGCTTGAGGCGGGAGTGG-3 0 for TAFIaKR4sA fragment 1, 5 0 -CCACTCCCGCCTCAAGCGG CGGCACCAGCACCACCTCCT-3 0 and pGEX 3 0 primer for TAF-IaKR4sA fragment 2. A second PCR was carried out using mixtures of fragments 1 and 2 of TAF-IaKR2sA or TAF-IaKR4sA as template and primer sets, pGEX 5 0 and 3 0 primers. Final PCR products were digested with BamHI and EcoRI and subcloned into BamHI and EcoRI-digested pGEX6P-1 vector. To construct pGEX6P-1-TAF-IaKR6sA, cDNA fragment was generated by two-step PCR using pGEX6P-1-TAF-IaKR4sA as a template and same primer sets used for the amplification of TAF-IaKR2sA cDNA. To construct pGEX-6P-1-TAF-I-Ia-N-ter, TAF-IaKR6sA-N-ter and TAF-Ib-N-ter, cDNA fragments were amplified by PCR using pGEX6p-TAF-Ia, TAF-IaKR6sA and TAF-Ib as templates, respectively, and primer sets, pGEX 5 0 primer and 5 0 -TTTGAATTCTTATCCCTTCTTCGG-3 0 for TAF-Ia-N-ter and TAF-IaKR6sA-N-ter, pGEX 5 0 primer and 5 0 -TTTGAATTCTTATGAGGTCTCGTC-3 0 for TAF-Ib-N-ter. The amplified cDNA fragments were digested with BamHI and EcoRI and subcloned into BamHI and EcoRIdigested pGEX6P-1. To construct pGEX-6P-1-TAF-Ia Ncc, Ccc1, Ccc2, Ccc3 and Ccc4, the cDNA fragments were generated by PCR using pGEX6P-1-TAF-Ia as a template and primer sets whose 5 0 termini were phosphorylated with T4 polynucleotide kinase (TOYOBO) and ATP, pGEX 5 0 -GGGGAGGAAGGAGAGGAGGATG AAGGA-3 0 and pGEX 3 0 primer for Ccc4 fragment 2. The mixtures of fragments 1 and 2 of TAF-Ia-Ncc, Ccc1, Ccc2, Ccc3 or Ccc4 were digested with BamHI and EcoRI and subcloned into BamHI and EcoRI-digested pGEX6P-1, respectively. To construct pGEX6p-1-TAF-Ia-Ncc1/Ccc1, Ncc1/Ccc2, Ncc1/Ccc3 and Ncc1/Ccc4, the cDNA fragments were amplified by PCR using pGEX6p-1-TAF-IaNcc1 as a template and the same primer sets used for the amplification of TAF-Ia-Ccc1, Ccc2, Ccc3 and Ccc4.
